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Understanding the behavior of fracture due to preliminary flaws in materials is
essential to escalate the life and reliability of a structure. The present work is focused on
investigating the influence of various structural parameters on the pre-crack growth stress
state, initiation and propagation of flaws in two distinct fields of engineering that is,
aging aircraft structural repair (aerospace) and the human aortic dissection (life sciences).
Three dimensional finite element methodologies, coupled with linear elastic fracture
mechanics (LEFM) formulation was utilized in both the cases.
A model of pre-cracked Al 7075 T6 plate was used to analyze pre- and post- crack
growth behavior. Thereby the effectiveness of composite repair in recovering the residual
strength of the assembly was validated using analytical formulation. Furthermore, the
influence of composite material type, adhesive properties in maintaining the repair
efficacy was also investigated. Finally, analytical fatigue life predictions were carried out
on the pre-cracked plate with and without repair.
In case of aortic dissection, three dimensional models of human aorta and layered
sections of artery with plaque were developed to study the effect of loading condition on

the stress state as well as initiation of flaws. Thereby, crack propagation behavior in the
intima layer was studied with varying material fracture resistance.
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1 Introduction

1.1 Overview
Fracture is the local split-up of bonds at atomic scale in a structure resulting in the
formation of new surfaces under severe mechanical and/or thermal loading. Depending
on the type of material, the separation is termed as ‘fracture’, used for bones of living
creatures, ‘tearing’, in case of soft tissues and ‘breakage’ for metals and composites. In
general, failure in a structure, in most cases is instigated either due to (a) slackness in the
course of design, manufacturing and operation of the structure or (b) employment of a
new material or design [1]. While the type-(a) fracture is usually caused by human error
which can be avoided, improvement of a design or material can cause unexpected
problems which are difficult to avoid [1, 2]. In either case, the strength of the material
diminishes with increase in the extent of fracture.
Even though, the problem of fracture has been there ever since the invention of
man-made structures, it has come to light only after the world war-II. Lately, because of
the increase in modern technologies, innovation of complex materials and compromise in
design for cost effectiveness, the convolution of fracture is in turn escalating. A few
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examples which have proven the devastating effects of fracture are airline crashes
(Figure 1.1) due to initial flaws, collapse of skyscrapers, bridges in the event of natural
calamities, bone fracture as well as tissue tearing because of implanted medical devices
etc. Moreover, the rise in risk of such events will have a major impact on the economy.
According to a study conducted by Duga, J.J. et al. [3] and Reed, R.P. et al. [4], in 1982,
the estimated cost due to fracture in the United States of America was 4 % of the
country’s gross income which at that time was $ 119 billion. They further stated that, the
cost could be reduced by $ 35 billion if an improved technology of studying cracks is
used. Despite the fact that fracture can cause catastrophic effects, there are a few
advantages involved. One such instance is hydraulic fracture drilling, wherein; mineral
ores are extracted from the earth mantle by creating new cracks.

Figure 1.1: Fatal airline crash due to fracture in the vertical stabilizer [5]
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Study of the effects of fracture, was not so significant until early 1920's, when a
well-defined fracture mechanics theory was established based on engineering principles.
Fracture mechanics is a field of mechanics which deals with the study of crack
propagation in materials [1, 2]. It utilizes the theories of elasticity and plasticity to
estimate the force required for the crack to propagate in three different modes (mode-I,
mode-II and mode-III) as described in Figure 1.2 resulting in complete failure of the
structure. Thus, it plays a vital role in improving the mechanical response of a material.
Depending on the type of material, the behavior of the fracture mechanics theory varies,
altering the onset of crack growth. Linear Elastic (LEFM), Elastic-Plastic (EPFM) and
Dynamic or Time dependent Fracture Mechanics are the three available theories currently
being used for linear elastic, elastic plastic and viscoelastic materials respectively. Due to
this diversified nature of the theory, the application of fracture mechanics is not restricted
just to metals, whereas; it can be applied to composites, polymers and most importantly
in the field of life sciences, to predict the crack propagation in arteries.

Figure 1.2: (a) Opening mode (mode-I), (b) in-plane shear mode (mode-II) and (c)
out-of-plane shear mode (mode-III) of cracking
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1.2 Historical Developments in Fracture Mechanics
Even though a notable theory on the mechanics of fracture was developed in the
early 1920’s, preliminary studies were indeed started way back in the 16 th century by
Leonardo da Vinci. Experimental tests performed by him on iron wires revealed that
there is an inverse relationship between the wire strength and wire length. Galileo Galilei
[6] in the year 1638 studied the mechanics at the crack tip from a mathematical
perspective considering the size effects of fracture. A century later Coulomb, C.A. [7]
carried out compressive tests on rock for the development of ancient Roman bridges. He
concluded that, the maximum flexural stress was located on the bottom edge of the bridge
in compression while, it is on the top edge in tension.
It was in 1913, when the observations of Inglis [8] on the state of stress near the
crack tip in an infinite plate, provided the foundation for the development of the theory.
Taking this study further, Griffith, A.A. [9] in 1920 established a theory based on energy
criteria. He mainly focuses on answering a few basic questions raised while developing
the theory of rupture of solids based on mathematical theory of elasticity by considering a
general problem (solved by Inglis in 1913) of a plate with an elliptical crack loaded
biaxially. Considering the plane strain case, he then derived the traction as well as the
strain energy required for rupture which is as shown in Equations 1.1 and 1.2.

√

(1.1)
(1.2)
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where E is the Young's modulus of the material and υ is the poison's ratio. Finally, he
validated the theory by conducting a series of experiments on glass. However, this theory
is limited to brittle materials with isotropic linear elastic properties in two dimensions. At
that point of time, it was more of a theory developed due to scientific nosiness. It was
after World War-II that the theory of fracture transformed to a field of engineering owing
to the damage occurred to the Liberty ships during the war [1]. Post war, a research group
regulated by Irwin, G.R. at the Naval Research Laboratory, USA, extended the earlier
work done by Inglis (1913) [8], Griffith (1920) [9] and Westergaard (1938) [10] to metals
considering the energy released through plastic flow [11]. He then introduced the concept
of energy release rate (1956) (Equation 1.3) which is suitable for most of the engineering
problems [12]. In the same year (1956), Irwin [13] used Westergaard method [10] to
express the stresses and displacements near the crack tip with a single constant as in
Equation 1.4. Later, the constant was termed as “Stress Intensity Factor” (SIF) which was
related to energy release rate (Equation 1.5).

(1.3)
√

(1.4)
(1.5)

where,

is the energy release rate, KI, mode-I stress intensity factor, σ is the applied

stress in MPa, ‘a’ is the crack length in mm and ‘E’ is the Young’s modulus of the
material.
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As in most of the applications, propagation of the crack is due to fatigue rather than
static or quasistatic loading, it is essential to apply the principles of fracture mechanics to
fatigue crack propagation. Owing to this fact, Paris et al. [14] developed a theory to
predict the number cycles required for the complete failure of a material (Equation 1.6)
and further validated using experiments.

(1.6)

where,

is the rate of crack growth per cycle, C and m are the material constants

derived from experiments and ΔK is the stress intensity factor range. Later on,
researchers mainly focused on improving the already available models. One such
enhancement is the plastic zone correction added to LEFM by Irwin [15], Dugdale [16]
and Barenblatt [17]. Plastic zone correction is the inclusion of plasticity effects at the
crack tip before failure. Taking this study a little further, Wells [18] developed a new
criterion for fracture based on the displacement of crack faces when plasticity is induced
at the crack tip before failure. He then termed it as Crack Tip Opening Displacement (δ)
which is related to energy release rate ( ) and thus mode-I SIF (KI) as in Equation 1.7.

(1.7)

where, σY is the yield stress and E is the modulus of elasticity.
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As an extension to the Crack Tip Opening Displacement criterion, Rice [19], in
1968 introduced a new parameter (J-integral) which considers the nonlinear elastic
behavior in calculating the energy release rate along a contour near the crack. He even
showed that (J) is path independent (equation-1.8) and is identical as ( ) for mode-I crack
propagation.

∮(

)

(1.8)

where, W is the strain energy density, Ti and ui are the components of traction and
displacement vectors respectively and ds is the length increment along the contour.
Subsequent studies concentrated on improving the range of applicability to various
complex materials.
Although, most of these criteria are rather simple to calculate for two dimensional
models, it would be difficult in case of complex three dimensional models. Consequently,
the use of computational technology for the advancement and application of fracture
mechanics is increasing. A popular technique known for utilizing the principles of
fracture mechanics in computing the complex partial differential equations to predict the
crack growth behavior is the Finite Element Method (FEM).

1.3 Motivation and Objectives
From literature [8, 9, 12, 18] it is clear that the initial studies mainly focused on
predicting the fracture in man-made structures built using engineering materials such as
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glass, metals and its alloys. As a result, improved fracture resistant designs were
developed using existing materials. Additionally, development of new high strength
engineering materials such as composites, is in fact keeping the equation balanced by
extending the age old theory of fracture. However, due to the increase in the risk of
damage in complex nature materials (such as human tissue tearing), its study since the
late 20th century is leading to the rise in the range of applicability of fracture mechanics
theory into life sciences. Since then, researchers have been working in close quarters with
clinicians and medical experts to predict the causes of tissue rupture [20] and more
importantly were successful in classifying the nonlinear behavior of material models [ 21,
22]. It is now being speculated that the theory or mechanics (LEFM) involved in tissue
tearing is same as in metals even though the trend in crack growth is different [23].
Regardless of currently available models to predict tissue tearing, there is a need for
enhanced qualitative validations of the forecasts (predicted trend of tearing in tissues)
because of the increase in risks and demand for better health care.
Hence, in this thesis, two distinct applications of fracture mechanics that is,
adhesively bonded composite repair of aluminum panels and dissection of human aorta
have been studied using three dimensional finite element methods. Firstly, a brief
overview for the source of damage is illustrated for each application. Secondly, a
generalized frame work is developed in evaluating the pre-crack growth effects on how
different fracture parameters vary with applied load. Then, a qualitative trend of crack
propagation is established in case of human aorta with change in material constants.

9
Finally, a brief discussion related to the post effects of crack propagation and possible
repair techniques will conclude the work done.

1.4 Organization of Thesis
The later part of the thesis contains four chapters and the contents of each chapter
are structured as follows:
Chapter 2 is concerned with the developments in Finite Element Method for fracture
mechanics studies and the techniques used in this thesis.
Chapter 3 mainly focuses on pre- and post- crack propagation effects in case of aging
aircraft structures and their repair methods using three dimensional FEM and analytical
fatigue models. Further, validate numerically obtained result with analytical counterpart.
Chapter 4 of this thesis covers the preliminary work performed in predicting the crack
initiation and propagation behavior in human aorta. The methodology used and the effect
of stenosis on the arterial wall stress state will be discussed.
Chapter 5 provides the conclusions and debates about the prospective work.
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2 Finite Element Method Perspective

2.1 Generalized Procedure
Solving the partial differential equations of a discretized structure with finite
number of small elements connected by nodes, is the governing principle behind the
finite element method. Even though the fundamental concept of discretization was
introduced way back in 1940s by Hrennikoff, A. (1941) and Courant, R. (1942) [1], a
simple formulation of the governing equations for solving an engineering problem was
developed in the mid 1950s [2]. Initial developments primarily focused on applying this
technique in the aerospace industry but later on its use was wide spread.
The process of analyzing a structure using FEM is divided into three steps (Figure
2.1). The first one being preprocessing, involves development of 2D or 3D models of the
structure followed by the selection of materials and finally discretizing the entire domain
into finite number of elements, also called meshing. The second step is to develop and
solve the local (at each element) and global governing equations (assembly of local
equations). Subsequent evaluation of results in the visualization and measurement of
deformation comes under post processing [3]. While preprocessing and post processing
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are totally application specific, the constitutive equations can be solved by using
commercial algorithms such as those used in Abaqus, Ansys, Nastran, Patran etc. for
complex engineering problems.

Preprocessing
• Design
• Material definition
• Meshing

Equation Solver
• Generation of constitutive equations
• Solving the equations

Postprocessing
• Evaluating parameters of interest
• Visualization of the result
Figure 2.1: Flow process involved in FEM

2.2 Fracture Mechanics Perspective
Use of FEM in the field of fracture mechanics can be divided based on (a) Precrack growth evaluation comprising of the assessment of fracture parameters and their
influence on crack growth and (b) Crack initiation and propagation, which describes the
currently available techniques for crack advancement. Due to the availability of the above
two cases and robustness in solving complex higher order differential equations, a
commercial finite element code, ABAQUS (Dassault Systémes Simulia Corp., RI, USA)
has been used for all three steps involved (Figure 2.1).

15
(a) There are several traditional methods available for calculating the fracture
parameters (KI and ) numerically. Point matching of stress and displacement,
energy release rate during elemental crack advance, domain integral, virtual
crack extension etc. are some of those [4]. Recent advancements and a wide
range of applicability make the domain integral or J-integral method, the most
preferred. After the initial formulation of the J-integral method by Rice [5],
Shih, C.F. et al. [6] modified the initial surface integral to an area integral in
two dimensions and a volume integral in the three dimensional case.
Investigations on the accuracy of this method using isoparametric elements
around the crack yielded a reasonably accurate result but, later on it was proved
that even though a very fine mesh size was used, 1/√r singularity was not
reached at the crack tip. To overcome this problem, Henshel, Shaw [7] and
Barsoum [8], came up with an idea of quarter point element in which, the
midside nodes are moved to 1/4th position and is collapsed as illustrated in
Figure 2.2. With this change, the shape function of the element turned out to be
similar to the 1/√r function.

Figure 2.2: Collapsed singular element
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(b) Crack initiation and propagation can be achieved numerically using either
cohesive zone modeling (CZM) or eXtended Finite Element Method (XFEM).
Fracture process using CZM was the idea developed by Dugdale and Barenblatt
[9] based on a cohesive or traction separation law which uses cohesive strength
and fracture energy of the material for modeling failure. Extension of the crack
takes place only in cohesive elements which are embedded in between bulk
element boundaries leading to a dependency on remeshing. Thus CZM is best
suited for problems involving interface cracking as crack does not propagate
through elements. However, XFEM, developed by Belytschko T. et al. [10] uses
partition of unity technique to extend the classical FEM by introducing special
displacement functions (Equation 2.1) which produces local enrichment to the
nodes close to the crack [11].

∑

[

∑

Where,
= Nodal Shape functions
= Nodal displacement vector
= Nodal enriched DOF vectors
H(x) = Discontinuous jump function
= Elastic asymptotic crack tip functions

]

(2.1)
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Of the three terms on the right hand side in Equation 2.1, the first one is valid
for all the nodes in the structure, whereas the second and third terms are only
applicable to the nodes whose supports were cut by the crack interior and crack
tip respectively [11]. However, due to the difficulty in constantly tracking a
moving crack, modeling of crack tip singularity becomes an arduous process.
For that reason, the evaluation of asymptotic crack tip singularity functions are
limited to stationary cracks, while a moving crack is simulated using a
displacement jump across a cracked element. As a result, the crack will cut
through an entire element at a time to evade the difficulty in modeling
singularity [11].

Figure 2.3: Phantom nodes moved away from real nodes as the crack splits the
element into two parts [11]

Traction separation cohesive law, coupled with the framework of XFEM,
had been used as a failure criterion to model crack growth based on the concept
of phantom nodes. Phantom nodes are duplicate nodes superimposed over the
original nodes, and are tied together when an element is intact. As and when, an
element is cut by a crack into two parts, the phantom nodes can move apart, and
are no longer tied to the real nodes as demonstrated in Figure 2.3. This way,
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there would be no need for remeshing at each increment. Hence, in this study,
XFEM was used to predict the crack initiation and development.
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3 Damage and Repair of Aging Aircraft Structures

3.1 Causes of Damage
With the increase in service life, aircraft structures are more susceptible to damage,
in the form of a crack, material degradation or pores, affecting the overall structural
strength. The damage can be triggered from the selection of faulty designs to initial
material flaws and manufacturing defects [1]. Other factors include, lightning, bird
strikes, severe structural loads, environmental corrosion, abrasion, hailstorm etc. The
local damage of the structure led to the institution of cost effective repair methods in
extending the service life. Development of better repair techniques to reinstate the
strength of damaged structure has gained increasing popularity. Figure 3.1 depicts a
typical flow process involved during aircraft overhaul.

3.2 Repair Techniques and the Parameters Governing its Efficiency
For many years, researchers have been proposing various cost effective methods for
the repair of metallic aircrafts. Two of the most prominent technologies currently being
used are: conventional mechanical fastening or riveting and bonded composite patch
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repair. While the former technique has been in use for several decades, the later one was
developed in the mid 1970s [2]. In both the cases, the reinforcement patch absorbs certain
amount of load from the substrate, lessening the progression of damage as shown in
Figure 3.2.

Damage Evaluation

Moderate

Excessive

Repair

Scrap and
Replace

Quality Check

Return to Service
Figure 3.1: Flow chart showing the aircraft damage overhaul process

Composite patch repair, initially proposed by Dr. Baker A.A. [2] at the Defense
Science and Technology Organization, Australia, has shown more promise than the
mechanical fastening method. This is due to the fact that repair by means of mechanical
fastening requires drilling of holes in the parent or damaged structure which might be the
basis for high stress concentrations resulting in the initiation of flaws. Besides, the
fastening process takes lengthy down times although it is less expensive. Unlike
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mechanical fastening, the operational efficiency using composite technology is achieved
by bonding high strength composite patches directly over the substrate with the help of
structural adhesives [2]. Depending upon the extent of damage and accessibility, repair
can be performed either on a single side or on both sides of the substrate. Because of
direct contact between substrate and patch, the efficiency of load transfer tends to be
uniform. Moreover, this method can be used to fortify weak cross sections of an
undamaged structure, which is not the case with conventional fastening. In addition to
this, bonded composite repair possesses a great deal of fatigue and corrosion resistance,
improved residual strength, transformation into intricate shapes etc. [3]. For certain
applications, mechanical fastening can be combined with the composite repair to serve as
reinforcement for damaged structures [4]. This chapter will focus on the adhesively
bonded composite patch repair.

Figure 3.2: (a) Fastening and (b) composite patch repair [5]
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Use of bonded composite repair was initially restricted to military aircrafts until late
1990s, when the technology was extended to commercial airlines. Approximately over
10,000 repairs using composite technology have been successfully performed on
Australian and United States military aircrafts currently in service [6, 7]. Some
applications include, repair of the wing plank in C-130, C-141 aircrafts, wing pivot fitting
of F-111, fatigue cracking of wing skin in Mirage III and main landing wheels of Macchi
military aircrafts [8]. In addition, this method has been tested on the fuselage lap joint,
lower fuselage, kneel beam of Boeing 727, 747 and 767 commercial airplanes
respectively [8, 9]. There are a few limitations pertaining to this technique. One of which
is the effect of temperature and moisture on the adhesive strength [3]. For example, as the
glass transition temperature is reached, the adhesive will tend to liquefy reducing the
strength of the bond. Better understanding of the impact of repair parameters will
improve the effectiveness of the repair.
Based on the principles of design, it is important to evaluate various parameters
affecting the efficiency of the composite patch repair, in developing appropriate
reinforcement. Repair stiffness, adhesive and patch thickness and operating temperatures
of the repair are a few of those. A brief overview on how each parameter affects
efficiency is discussed below:

(a) The stiffness of repair is imperative, as it directly impacts the strength of bonded
joint [10]. While designing reinforcement, it is necessary to match the repair
stiffness as close as possible to the original structure in order to regain its residual

24
strength. Increased stiffness is desirable as the load sharing capacity is improved.
Whereas, reduced stiffness results in accumulation of stress concentration in the
damaged substrate.
(b) The adhesive acts as a medium in transferring the substrate stress to the patch. As
a result, its thickness varies the stress intensity at the crack location. Selection of
thinner adhesive bonds tends to escalate load transfer but reduces the bond
strength; whereas, thicker adhesives absorb more stress and may fail due to high
peel stress [11]. So, it is advisable to consider an optimum adhesive thickness in
which either of the above two cases do not occur.
(c) In contrast to the adhesive properties, composite patch thickness inversely affects
the substrate stress. However, increasing the thickness above the required limit
just increases the cost. Owing to that, optimum value for patch thickness can be
determined by the following relation [12]
Es t s = Ep t p

(3.1)

Where, E s and E p are the Young’s modulus, t s and tp are the thicknesses of
substrate and patch respectively.
(d) As mentioned earlier, operating temperature is one of the few limitations of this
technology because thermal and mechanical properties of the adhesives change
drastically with increase in temperature. Consequently, bond strength diminishes
causing failure of reinforcement. For that reason, a material whose bonding
temperature is more than the operating temperature has to be chosen.
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3.3 Material Selection
Most of the modern aircraft structures are built with a wide range of materials
depending upon the placement site. Aluminum alloys (Al 7075 and Al 2024) are highly
regarded as structural materials used for the construction of fuselage and other parts of
commercial as well as military aircrafts. More recently, metallic structures are being
replaced with composites. Coming back to the repair, structural adhesives such as FM 73
[9, 13] and AF-163-2 [14, 15] are the most widely employed ones tested according to the
standards of ASTM D5656 [16]. Hence, in this chapter, Al 7075 T6 is considered as the
substrate material which has a v-notch or crack induced in it, while FM 73 will be used as
the adhesive material to bond the composite patch.
A composite is a combination of two or more materials generally high strength
fibers and matrix (epoxy). Because of the variation of stiffness along three normal
directions, composites are regarded as orthotropic materials. Selection of composite patch
material is the trickiest part of the design due to the availability of a wide range of fibers
possessing their unique properties. Some of the most popular ones are Alumina, Aramid,
Boron, Carbon, Glass, Graphite fibers etc. Therefore, in this study, we compared the
effectives of four composite patches namely, Boron/Epoxy, Carbon/Epoxy, EGlass/Epoxy and Kevlar-49/Epoxy. The mechanical properties of all the materials
considered are listed out in Table 3.1.
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Table 3.1: Material constants of Aluminum substrate, adhesive and composite
patches [5, 17]
Al 7075
T6

Boron/
Epoxy

Carbon/
Epoxy

Kevlar49/Epoxy

E-Glass
/Epoxy

FM73
Adhesive

72

208

145

80

41

1.1

-

25.4

10

5.5

12

-

-

25.4

10

5.5

12

-

28

7.2

7

2.2

5.5

0.382

-

7.2

7

2.2

5.5

-

-

4.9

3.7

1.8

3.5

-

0.33

0.1677

0.25

0.34

0.28

0.44

-

0.1677

0.25

0.34

0.28

-

-

0.36

0.5

0.4

0.5

-

Density (g/cm3)

2.8

2

1.6

1.38

1.97

1.2

Yield Stress (GPa)

0.49

1.165

-

-

-

-

Properties
Longitudinal Modulus E1
(GPa)
Transverse In-plane
modulus E2 (GPa)
Transverse Out of plane
modulus E3(GPa)
In-plane shear modulus G12
(GPa)
Out of plane shear modulus
G13 (GPa)
Out of plane shear modulus
G23 (GPa)
Major In-plane poison’s
ratio υ12
Major out of plane poison’s
ratio υ13
Major out of plane poison’s
ratio υ23

3.4 Finite Element Methodology
A commercial code ABAQUS (Dassault Systémes Simulia Corp., RI, USA) has
been used for all three steps involved (Figure 2.1). 3D models of composite patch repair
(Figure 3.2) were generated and appropriate material parameters (Table 3.1) were
assigned as discussed earlier. However, composite material, being orthotropic in nature
has been assigned a local orientation with local rectangular co-ordinate system similar to
that of global co-ordinate system. As unidirectional composite was only used in this
study, the thickness of the composite patch was considered as a single ply with 00
orientation of fibers, that is, maximum elasticity modulus is along longitudinal direction.
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The composite ply definition including local orientation, number of plies, ply material,
fiber orientation angles etc. were detailed in the part module of Abaqus/CAE.
The complete structure (includes, Al substrate, adhesive and composite patch) was
then discretized with quadratic brick elements (C3D20R where, C stands for continuum,
3D as in three dimensional, 20 representing the number of nodes and R states the use of
reduced integration) of reasonably low aspect ratio 1.05. To attain a 1/√r singularity at the
crack tip, the 20 noded brick elements (C3D20R) were converted to 15 noded collapsed
elements (C3D15R) by moving the mid side nodes to 1/4th position as in Figure 3.3.
Furthermore, a convergence study was performed on the bareplate, to quantify the
number of elements surrounding the crack tip, to get a stabilized result. As mode-I SIF is
one of the major determinants of fracture, its variation with respect to the number of
C3D15R elements surrounding the crack tip was plotted as depicted in Figure 3.4. Even
though, a stabilized value of SIF is being attained at 9 elements, the model with 12
elements was chosen.

Figure 3.3: Finite element mesh of the complete domain and conversion of
hexahedral or brick elements to quarter point elements near crack tip [17]
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Next the contour integral or J integral technique was used for predicting the fracture
parameters (mode I stress intensity factor, crack mouth opening displacement etc.).
Additionally, to resemble current condition as in case of experiments, one end of the Al
plate was fixed in all degrees of freedom, while the other end is loaded under uniaxial
tensile stress of magnitude 250 MPa.
1630
1625

Mode-I SIF (MPa√mm)

1620
1615
1610
1605
1600
1595
1590

1585
1580
4

6

8
10
12
No. of elements around crack tip

14

Figure 3.4: Convergence study

3.5 Results
3.5.1 Model Validation
It is essential for any finite element model to verify whether the results obtained
match with another source (i.e. an experimental or analytical result). This substantiates
that the model is realistic enough to capture the rest of the outcomes. Therefore, the
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models used here are validated by analytically obtaining the stress intensity factor (SIF)
in mode I direction before and after the repair as in equations 3, 4 and 5. Moreover, Sih,
G.C. [18, 19] (Equation 3.2), Rose, L.R.F. [20, 21] (Equation 3.3) and Rice, J. [22]
(Equation 3.4), who developed the analytical relations have quantified their effectiveness
using experiments.
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⁄

⁄
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√

(3.2)

(3.3)

(3.4)

Where,
σ = Applied nominal stress
a = Edge crack length
⁄

= Crack length to width ratio

Kp = Mode I SIF of the single sided patch repair
KI = Mode I SIF of SENT specimen
Es, Ea, Ep = Modulus of elasticity of substrate, adhesive and patch
respectively
G = Shear modulus
t = Thickness
J = Energy release rate or J-integral
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E’ = E for plane stress and

for plane strain case

KI, KII and KIII = SIF in three directions

As shown in Table 3.2, the SIF KI obtained analytically was 1616.77 MPa√mm in
the case of a bare plate whereas; the numerical counterpart was 1623.57 MPa√mm,
resulting in a good match with only 0.42 % error. Additionally, for the repaired plate with
a single sided Boron/Epoxy patch, the mode-I SIF was 440.88 MPa√mm and 446.1
MPa√mm owing to analytical and simulation result respectively. Even though there is
only 1.2 % error in mode-I SIF, energy release rate which is a combination of SIF’s in all
the three directions showed a huge variation. While the J integral value calculated using
Equation 3.4 is 2.7 mJ/mm2, the simulation counterpart is 4.12 mJ/mm2. The difference is
due to the fact that, analytical formulation does not consider the effects in direction 2 and
3 because the load applied is normal to the crack. Whereas, in reality, the plate tends to
bend slightly in the direction opposite to the repair, causing the SIF in mode II and III to
surge. The obtained values of SIF in II and III directions are 341.7 MPa√mm and 80.9
MPa√mm respectively which are considered to be negligible in case of 2D analytical
solution. Furthermore, the effect of bending was observed experimentally [23].

Table 3.2: Comparison of analytical and numerical mode I SIF
Mode I SIF at crack tip (K1) (MPa√mm)
Name

Patch material

Bare Plate
Single sided repair

Error

Analytical

Simulation

----

1616.77

1623.57

0.42 %

Boron/Epoxy

440.88

446.1

1.2%
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3.5.2 Patch Efficiency
It is a known fact that the repair stiffness directly resembles the strength of the
reinforcement. In order to predict the efficiency of repair, an uncracked plate is tested to
obtain a baseline for pure elastic-plastic with no strain hardening (Figure 3.5). The
inclusion of crack with a = 8 mm in the plate (bare plate) has led to a 10 % reduction in
the yield point resulting in premature failure of the specimen. But, the reinforcement
provided by Boron/Epoxy composite patch increased the repair stiffness by 24 % for
single sided repair and 32.4 % in case of double patch with respect to the baseline
stiffness. This clearly shows that double sided repair is more effective in absorbing the
load than the single patch, reducing the stress intensity at the crack. Therefore, in the later
part of this chapter, only double patch repair is considered.
600

500

Load (MPa)

400

300

200
Baseline
Bare plate
Single Patch
Double Patch

100

0
0

1

2

3
4
Displacement (mm)

5

6

Figure 3.5: Stiffness change after repair for perfect elastic-plastic case
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3.5.2.1 Composite Patch Material
Now that the repair effectiveness of double patch repair has been proven, it is
important to compare the effect of various composite patch materials. For that reason, the
reduction in mode I SIF obtained by using Boron/Epoxy, Carbon/Epoxy, Kevlar49/Epoxy and E-Glass/Epoxy composite patches with increasing crack length was
formulated as shown in Figure 3.6. It is clear that there is unstable growth of stress
intensity with an increase in crack size causing higher CMOD and both reduced strength
and stiffness of the panel. Subsequent bonding of the composite patch ensured significant
reduction in the SIF at a/w = 0.49. However, there is varying efficacy between the
composite patches with Boron/epoxy leading by 0.52 % than Carbon/Epoxy, 1.6 % and
2.72 % than that of Kevlar-49/epoxy and E-Glass/Epoxy.
Bare Plate
Boron/Epoxy Doubler
Carbon/Epoxy Doubler
Kevlar-49/ Epoxy Doubler
E-Glass/Epoxy Doubler

225
6000
175

SIF, K1 (MPa√mm)

5000

125
75
0.45

4000

0.47

0.49

0.51

3000

2000

1000

0
0

0.1

0.2

0.3

0.4

0.5

a/w

Figure 3.6: Reduction in stress intensity factor with increase in crack length after
repair
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0
0

0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016 0.0018
CMOD (mm)

Figure 3.7: Comparison of all the composite material stiffness as a function of crack
mouth opening displacement

Likewise, it is evident from Figure 3.7 that the high stiffness of boron fibers in the
loading direction is restricting the opening of crack mouth more effectively than other
patches with a difference on the order of a few micrometers. Hence, Boron/Epoxy and
Carbon/Epoxy are the most suitable patch materials for repair of primary aircraft
structures (fuselage, wings, vertical and horizontal stabilizer etc.) while, Kevlar49/Epoxy is mostly used for secondary and tertiary structures where high impact
strengths are desired [24].

3.5.2.2 Effect of Patch Thickness
Patch thickness is one of the governing parameters which has a direct influence on
the repair efficiency and cost. The selection of patch thickness mainly depends on the
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extent of damage and thickness of the parent structure. Thus, a series of analyses with
initial crack length of 8 mm, adhesive thickness of 0.12 mm, Boron/Epoxy as composite
material have been performed by varying the composite patch thickness and the resultant
change in mode-I SIF is illustrated in Figure 3.8. It is clear that there is an inverse
relationship between the patch thickness and crack tip stresses wherein, the amount of
reduction is high until tp reaches 1 mm, and there after the curve tends to flatten. This is
due to the fact that stress absorption capacity increases with increase in patch thickness,
but reaches a saturation point when the residual strength of the damaged plate is restored.
Results from simulations show that the 0.66 mm thick Boron/Epoxy doubler is sharing
70.25 % of the total load. Thus, it is desirable to consider an optimum thickness for the
patch which would restore the residual strength of the assembly. However, increase in
patch thickness beyond the optimum level would eventually increase the cost of repair.
200
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20
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1
1.5
Patch Thickness, tp (mm)

2

Figure 3.8: Effect of patch thickness on mode-I SIF
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3.5.3 Effect of Adhesive Properties
3.5.3.1 Adhesive Thickness
In general, the basic necessity of any repair technique is to absorb the stress acting
on a damaged panel and alleviate its growth. To ensure the process of transmitting
overestimated load is proficient, the medium in between plays a significant role.
Incidentally, adhesive acts as a medium in composite patch repair and moreover, its
thickness will have a determining effect on load transfer.

3.5.3.1.1 Load Sharing Capacity
Considering an adhesive with low thickness will result in better load sharing capacity and
reduced SIF as demonstrated in Figure 3.9. However, the strength of the low thickness
adhesive bond might not be durable enough for the repair [11]. At the same time, high
thickness results in good bond strength while the load transferred to the patch is
condensed, triggering an increase of SIF (Figure 3.9). This is because; the adhesive tries
to absorb extra amount of load with increase in its thickness. To verify this phenomenon,
the amount of load absorbed by each component of the repair has been tabulated for a
wide range of adhesive thickness as demonstrated in Tables 3.3 and 3.4. The percentage
of load transferred from the damaged panel to the composite patch is reduced by an
average of 2.5 % altering the adhesive thickness from 0.12 mm to 1.5 mm. Indeed, the
leftover 2.5 % is being shared by the plate and the adhesive itself regardless of the patch
material. On the other hand, composite patch material also plays a determining role in
load absorbing. For a high strength material such as Boron/Epoxy, the Al panel is
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undergoing less than 30 % of the total load while E-Glass/Epoxy, which is less stiff than
the Al substrate, is sharing about 33 % from cracked plate. Thus, it is evident that, the
load sharing capacity of the Al panel is declining with increase in adhesive thickness
affecting the stress levels in the adhesive.
136

134
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SIF, K1 (MPa√mm)

130
128
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120
118

Boron/Epoxy Doubler

116
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Adhesive Thickness, ta (mm)

Figure 3.9: Variation of mode-I SIF with respect to adhesive thickness

Table 3.3: Percentage of load sharing at various adhesive thicknesses using
Boron/Epoxy and Carbon/Epoxy
Adhesive
Thickness
(ta)

Plate (%)

Patches (%)

Adhesives (%)

Plate (%)

Patches (%)

Adhesives (%)

0.12

28.75

71.169

0.08

35.809

64.085

0.106

0.25

28.99

70.836

0.173

36.064

63.706

0.229

0.38

29.098

70.635

0.267

36.181

63.47

0.348

0.5

29.176

70.471

0.352

36.245

63.297

0.457

0.8

29.411

70.031

00.557

36.372

62.908

0.719

1

29.647

69.664

0.689

36.48

62.633

0.885

1.5

30.049

68.919

1.031

36.932

61.784

1.284

Boron/Epoxy Repair

Carbon/Epoxy Repair
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Table 3.4: Percentage of load sharing at various adhesive thicknesses using Kevlar49/Epoxy and E-Glass/Epoxy
Adhesive
Thickness
(ta)
0.12

Plate (%)

Patches (%)

Adhesives (%)

Plate (%)

Patches (%)

Adhesives (%)

50.196

49.705

0.138

66.617

33.198

0.184

0.25

50.833

48.866

0.3

66.911

32.696

0.391

0.38

50.980

48.559

0.460

67.009

32.388

0.601

0.5

51.029

48.365

0.605

67.107

32.198

0.791

0.8

51.078

47.968

0.953

66.911

31.842

1.246

1

51.127

47.693

1.179

66.813

31.64

1.541

1.5

51.225

47.05

1.724

66.519

31.227

2.252

Kevlar-49/Epoxy Repair

E-Glass/Epoxy Repair

3.5.3.1.2 Peel Stress
Peel and shear stresses are two dominant parameters which govern the damage
propagation in adhesive layers. Failure at the interface between the substrate crack and
adhesive occurs due to shear [17]. Peel stress is extreme along the boundaries of
substrate-adhesive interface (Figure 3.10) due to the mismatch in substrate-patch
stiffness. This phenomenon has been observed in Figure 3.11 where the peel force is
increased two times from 318.3 N to 703.4 N by changing the adhesive thickness from
0.25 mm to 1.5 mm causing high stress. However, this can be abridged by using
composite patches with stepped geometry along its thickness [6, 9, 13].

Figure 3.10: Illustration of peeling in repaired substrate
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Figure 3.11: Peel stress distribution in (a) 0.25 mm and (b) 1.5 mm thick adhesive
with 25 times scaling using Boron/Epoxy patch. Top surface being patch-adhesive
interface while bottom surface being adhesive-substrate interface

3.5.3.2 Adhesive Shear Modulus
In addition to the thickness, mechanical properties of the adhesive play a decisive
role in the bonding strength, load transfer capacity and thereby reduction in SIF. Since
the work done by adhesive in the repair process is along the direction of shear, adhesive
shear modulus directly affects the efficiency of the adhesive and thereby the repair.
Incidentally, adhesive shear modulus, which is analogous with modulus of elasticity, has
an inverse relationship with the mode-I SIF as shown in Figure 3.12. Even though there
is a considerable reduction in the SIF with higher adhesive shear modulus, the magnitude
of shear stress in the adhesive layer is on rise. In addition, the peel force in the adhesive
has surged from 189 N to 311.6 N for 280 MPa and 950 MPa shear modulus respectively.
These elevated stresses could trigger the initiation of failure in the adhesive either due to
delamination or breakage, since the pulling force acts in the opposite direction along the
length of the adhesive bond [11, 25].
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Figure 3.12: Influence of adhesive shear modulus (G) on mode-I SIF

3.5.4 Fatigue Life Evaluation
The previous section (section 3.5) involved pre crack growth behavior in a precracked Al 7075 T6 plate with and without composite patch repair, based on the static
instantaneous loading using computational techniques. In this section, fatigue loads of
constant amplitude are applied on the bareplate, single sided repair assemblies with all
the four patch materials and the life (number of cycles) is calculated using analytical
relations of Paris law [26] as shown in Equations 3.6 to 3.9.

(3.6)

∫

(3.7)
(3.8)
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(3.9)

Where, ai is the initial crack length 0.008 m, af is the final crack length in ‘m’, N is
the number of cycles, C and m are the material constants (C = 2.0 x 10-9 m/cycle and m =
2.51 for Al 7075 T6 material [27]), ∆K is the stress intensity factor range which depends
on the geometry of the cracked plate and loading, R is the load ratio of magnitude 0.1
applied on the specimen with maximum stress σmax being 100 MPa. With all the
quantities in place, fatigue life calculations were performed using the above relations for
Al 7075 T6 cracked plate with and without repair. In case of repaired assemblies, ∆K was
found out using Equations 3.2 and 3.3 and final crack length is considered as 0.051 m
which is the width of the plate. However, in case of bareplate, the final crack length is
considered as 0.025 m (half the specimen width) because, the propagation of crack would
be very inconsistent as it crosses half the width of the specimen [27], which cannot be
shown using analytical calculations.
The resultant fatigue life for each case is described in Figure 3.13. As expected, the
pre-cracked bareplate is failing at very less number of cycles than the repaired assembly
with Boron/Epoxy leading the way. The number of cycles at which bareplate, repair
assembly with Boron/Epoxy, Carbon/Epoxy, Kevlar-49/Epoxy and E-Glass/Epoxy
composite patches failed are 5680, 374845, 262325, 170408 and 141122 respectively.
Hence it is clear that, repairing the cracked plate even with single sided composite patch
increased the life extension factor 24 to 66 times. This shows the effectives of repair in
reducing the crack growth.
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Figure 3.13: Fatigue life of bareplate as well as single sided repair
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4 Damage Modeling of Human Aorta

4.1 Introduction
Aorta is the largest artery that leaves the left ventricle of the heart, and provides
oxygenated blood throughout the human body as described in Figure 1 (a). In general, an
artery or a blood vessel consists of three layers tunica intima (inner layer), tunica media
(middle layer) and the tunica adventitia (outermost layer) as shown in Figure 1 (b). In
certain situations, a tear cultivates in the inner layer (intima) of the aorta. When this
occurs, the aorta bleeds into itself through the media layer by extending this tear, causing
a separation or delamination in between the layers (Figure 1 (b)). This separation of the
layers of the aortic wall which interrupts the blood flow is medically termed as aortic
dissection.
Aortic dissection is a serious yet life threatening disease which can result in the
bursting (rupture) of the arterial wall causing massive blood loss and even sudden death.
Recent study conducted by Cleveland clinic shows that every 2 out of 10,000 people
suffer from aortic dissection [1]. Statistics reveal that only in the United States, around
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Figure 4.1: Anatomy of (a) human heart, (b) aorta, (c) initiation of dissection [2, 3]

2000 new cases are reported each year [4] and more importantly, there is an 80 %
mortality rate in case of rupture [5]. However, the seriousness of the disease mainly
depends on the location of crack initiation and the extent of propagation. Based on the
above criteria, the dissection is classified as Type-I, Type-II and Type-III (Figure 2 (a),
(b) and (c) respectively) named after Dr. DeBakey, M.E. who was a surgeon and
moreover, a sufferer of the disease. While the Type-I and II initiate in the ascending aorta
(difficult to repair), Type-III originates in the descending aorta making it easy to repair.
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Figure 4.2: Classification of DeBakey Type-I, Type-II, Type-III aortic dissection [6]

Incidentally, clinical observations show 60 % rate of occurrence of Type-II,
whereas, it is 10 % and 30 % in case of Type-I and Type-II aortic dissections [6]. Even
though the reasons behind the initiation and growth of flaws in the aorta for all the types
might be multiple, the possible factors which can be quoted here are:
 Aging
 High blood pressure (hypertension)
 Coarctation (narrowing of blood vessels)
 Presence of an aneurysm
 Atherosclerosis (buildup of fat in the blood vessel leading to the formation of
plaque)
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 Cardiac catheterization (insertion of catheter for deploying stents)
 Cardiac surgery
 Genetic disorders such as bicuspid aortic valve (aortic valve with only two leaflets
instead of three resulting in irregular flow of blood)
 Hereditary connective tissue disorders
 Traumatic injury (vehicle accidents, sports, explosions, high fall etc.)

Treatment of aortic dissection depends upon the location of the tear. Depending on
the extent of aorta involved in dissection, a durable repair may require the diseased aorta
to be replaced with a graft (a direct replacement which is sewed to the original one)
performed by open heart surgery [7, 8]. Alternatively, a stent graft which is a fabric tube
supported by metal wire stent (like a scaffold) may be used, to repair the aorta. The stent
grafts are generally delivered using endovascular (minimal invasive) surgery [9]. Another
option for treating an aortic dissection is the hybrid approach. Hybrid approach is a
combination of the above two procedures commonly used to replace DeBakey Type-I and
Type-II aortic dissection [10, 11].
Even though the diseased aorta is repaired using one of the above mentioned
techniques, the after affects may perhaps be critical, as the reinforced region (or
weakened region of untreated artery) might be prone to the development of aneurysms
during the chronic phase (15 - 60 days after repair) [12]. Because of these complications,
there is a need for analyzing the process that leads to the dissection in human arteries, so
that; these kinds of life threatening diseases can be prevented. By analyzing the problem,
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it is clear that, the dissection of aorta is not only related to medicine or surgery, but the
mechanics underlying this technique is multidisciplinary covering medicine, surgery,
biomechanics, biomaterials, fracture mechanics etc. Going by the mechanical
perspective, a tear initiates and propagates only when the stresses in the tissue, cross the
ultimate strength of the material. However, no technique is currently available to measure
the aortic wall stresses in vivo. Hence there is a need for validated mechanical modeling
to analyze the fluid as well as solid mechanics environs, triggering the dissection.
Experimental, analytical and computational methods are the three available modes in
analyzing the solid mechanics part of tissue tearing. Of these three, analytical techniques
might not provide in depth details of tissue stresses while, computational techniques,
especially finite element method coupled with fracture mechanics, provides good insight
of the reasons behind tissue tearing mechanism, when integrated with experimental
power.
In the process of exploring the root cause and mechanics involved during
dissection, initial research mainly focused on the study of hemodynamics (blood
movement) and pathophysiological changes in the aorta. Prokop, E. et al. [13]
investigated the effects of blood movement on the dissection of animal aorta in vitro and
correlated that with human aortic dissection. Their studies revealed that the continuous
flow, although initiated the intimal tear, failed to propagate even over a wide range of
pressures; while the dissection progressed well in case of pulsatile flow. Taking this study
a little further Kozerke, S. et al. [14] performed a series of contrast flow measurements
using cinematographic magnetic resonance imaging (MRI) on healthy human aortas.
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They concluded that the descending aorta is displacing axially 8.9 mm downward during
the systolic blood pumping cycle. A similar study conducted by Stuber, M. et al. [15]
revealed a 60 clockwise twist of the aortic root in patients suffering with arterial stenosis.
Moreover, it was reported that the twist is the resultant of the axial displacement of the
aortic root, which in turn was caused during the systolic pressure in the aorta. Therefore,
it is now clear that the hemodynamics of blood plays a crucial role in engendering
mechanical loads at the aortic root which further extends to the aortic arch, supra-aortic
vessels and the descending aorta. Analyzing the resultant mechanical stresses generated
in the aorta would offer a great deal of understanding on the pathophysiology of
dissection [16].
Utilizing the physiological loading data obtained from previous research, Thubrikar
et al. [17] performed stress analysis using finite element methodology on a 3D single
layer aorta with aneurysm, modeled with linear elastic isotropic material properties. Their
investigations revealed a significant increase of longitudinal stress in the aneurysm which
they think might be responsible for development of tear in the radial direction. In addition
to the longitudinal stresses, circumferential stress, which is a resultant of systolic blood
pressure, plays a crucial role in the initiation of interfacial cracks [18]. This being the
reason, about 70 - 80% of the aortic dissection cases involves a previous history of
hypertension [19 - 21]. Recently, it was speculated that, in addition to the loading
conditions, the aortic material properties as well as layered structure has a direct
influence on the stress state and thereby the initiation and propagation of dissection [22,
23].
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Based on the microscopic views of the aortic wall layers, it was evident that, the
composition of aortic material consisting of endothelial cells, connective tissues, smooth
muscle cells etc. is more like a composite, with fiber orientations varying along the layers
[24]. A comparative study conducted by Rajagopal, K. et al. [25] shows that the degree of
accuracy in modeling an aortic material is high when represented as anisotropic,
nonlinear, non-homogeneous, viscoelastic layered structure, rather than isotropic, linear
elastic structure. Taking this study further, Holzapfel, G.A. et al. [26, 27] developed a
new anisotropic constitutive relationship based on continuum mechanics theory for
representing biological tissue materials, and moreover derived anisotropic hyperelastic
material constants from a series of experiments using his own formulation [28, 29]. In the
later study, these material models were used by Gasser, T.C. et al. [30] to perform arterial
dissection by means of eXtended Finite Element Method (XFEM) using cohesive traction
separation law. More recently, Ferrara, A. et al. [31] successfully used the anisotropic
material models of human aorta to investigate the initiation and propagation of dissection
in a 30 % stenosis artery using cohesive zone modeling.
The aim of the present study is to investigate the initial stress state, crack initiation
and propagation in the intimal layer of aorta under multiple static loading conditions. In
that process, three dimensional linear elastic isotropic models of human aorta were
numerically analyzed to assess the stress state due to multiple loads, influence of stenosis
rate on crack initiation, and finally crack growth pattern in the intimal layer due to change
in material fracture resistance.
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4.2 Computational Modeling
In order to predict the stress state, tear initiation and propagation in the human
aorta, computational modeling using finite element method was performed. In that
process, initially, a three dimensional model of human aorta was developed using
SolidWorks (Dassault Systèmes SolidWorks Corp., Vélizy, France) as depicted in Figure
4.3 (a), to mimic the physiological case. The aorta was modeled as a single layer circular
cross section with outer radius 12.2 mm, inner radius of 10.2 mm and an arch radius of 37
mm obtained from the literature [32]. However, there is a lot of uncertainty in the
position of the supra aortic vessels and the descending aorta path. For that reason, an
arbitrary path for the descending aorta was chosen and the circular cross section was
swept along the path. This model was only used for predicting the stress state under
physiological loading conditions.

Figure 4.3: (a) 3D model of one layered aorta, (b) 3D model of three layered section
of aorta with 40 % stenosis
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Nevertheless, the crack initiation in the intima layer due to the presence of plaque, under
physiological loading conditions was simulated in a local model that is, a section of the
ascending aorta as shown in Figure 4.3 (b). In this case a three layered model was
developed with thickness of intima, media and adventitia layers varying at a ratio of 1:6:3
[18]. In addition to this, 40 % stenosis (percentage of volume occupied by the plaque)
was included. Moreover, the local model (Figure 4.3 (b)) was used to predict the effect
of material fracture energy.
The material properties in all the cases were considered as linear elastic isotropic,
and the constants utilized are shown in Table 4.1. Moreover, linear elastic fracture
mechanics formulation was applied even in this case using energy approach for crack
growth. However, there are several different values available for fracture energy in the
literature [31]. Therefore, the effect of fracture energy on the crack propagation behavior
has been investigated. Due to the ambiguity in the geometry, material definition, all the
analyses performed in this chapter of the thesis are only qualitative, predicting the trend
in general case. Moreover, the implementation of highly anisotropic and nonlinear
material for soft tissue requires a more sophisticated algorithm for solving fracture
problems and is one of the limitations of this study.
Table 4.1: Material constants used in the current study [18, 31]
Name

Young’s Modulus, E (MPa)

Poisson’s ratio

Fracture Energy, Gc (N/mm)

One layered aorta

6.5

0.49

0.16

Intima layer

2.98

0.49

0.16

Media Layer

8.95

0.49

0.16

Adventitia Layer

2.98

0.49

0.16

Plaque

0.2

0.49

-

54

The whole geometry was meshed using four noded tetrahedral elements (C3D4H
where, C stands for continuum, 3D as in three dimensional, 4 representing the number of
nodes and H states the use of hybrid formulation) with an average aspect ratio of 2.05.
Hybrid formulation was included to overcome convergence difficulties due to the large
deformation of tissue material. Moreover, to check the influence of pressure on the stress
state as well as the crack initiation, of 120 mmHg and 200 mmHg (physiological)
pressures was applied. In addition, 8.9 mm downward displacement with a clockwise
twist of 6 degrees was applied in both the cases that is, full aorta Figure 4.3 (a) and (b).

4.3 Results
This section of results is divided based on the models considered. Firstly, the stress
state in the single layer full aorta global model (no fracture is considered) is described
with change in loading conditions. Thereby, a section of 20 mm length, considered as a
local model within the ascending aorta with three layers and 40 % stenosis (plaque) will
be presented to showcase the influence of stenosis on the crack initiation. Finally the
effect of material resistance on the change in crack pattern will be reported.
Stress variations in the aorta being the major cause of tear initiation in case of
DeBakey Type-I and Type-II dissection, literature [19] shows that, the region between
the junction of brachiocephalic artery and the aorta trunk, aortic root is the most
vulnerable location for the crack initiation (Figure 4.4). Therefore, in this study, stress
variations at the junction of brachiocephalic artery and the aorta trunk were measured
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with different type of loading conditions as discussed in computational modeling. Table
4.2 shows the Mises stress variation at the junction with change in loading. It is clear that,
considering only physiological loading resulted in very low stress while, adding the
downward displacement increased the peak stress by 72 %. However, inclusion of 6
degree twist resulted in only 4.5 % rise in the peak stress. Moreover, increase in the
lumen pressure from 120 mmHg to 200 mmHg shows a 19 % increase in the peak stress
for only pressure case while inclusion of displacement and the twist resulted in only 0.4
% rise. This being the case, it can be concluded that, downward displacement
(longitudinal pull) has a serious effect when there is a plaque in the aorta.

Figure 4.4: Stress concentration at the junction of brachiocephalic artery and the
aorta trunk with the inside view

Table 4.2: Peak stress at the junction of brachiocephalic artery and the aorta trunk
Pressure
(mmHg)

Only
pressure

Pressure + Downward
Displacement

Pressure + Downward
Displacement + Twist

120

0.544 MPa

1.978 MPa

2.067 MPa

200

0.65 MPa

1.986 MPa

2.073 MPa
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With the location of peak stresses in place, the influence of stenosis on the initiation
and propagation of a crack in the intima layer were investigated. A three dimensional
section of ascending aorta with three layers and a plaque occupying 40 % lumen volume
was analyzed under 200 mmHg pressure. In addition a 5.5 mm displacement (resultant in
case of full aorta model) in the longitudinal direction was applied. Figure 4.5 shows the
initiation of crack along the circumferential direction in the intima layer.

Figure 4.5: Crack initiation in the intima layer along circumferential direction
under 200 mmHg pressure with 40 % stenosis

Due to the presence of 40 % stenosis in the three layered aorta, the peak stress in the
intima layer is reaching 0.396 MPa before the crack initiated at 28.36 mmHg and 0.78
mm displacement loading. As and when the crack initiated, the increase in loading further
propagated the crack along circumferential direction. At 200 mmHg pressure and 5.5 mm
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displacement (Figure 4.6), the crack propagated 85 % of the diameter. As the
delamination between layers was not considered, there is no interfacial damage as well as
crack initiation and growth in the media layer.

Figure 4.6: Crack Propagation in the intima layer along the circumference

Now, that the crack initiation and propagation in the intima layer already in place, it
is now required to study the effect of fracture energy on crack propagation patterns. For
that purpose, the local model with 40 % stenosis (Figure 4.3 (b)) has been used. Fracture
energies of 0.16 N/mm, 0.5 N/mm, 1 N/mm and 1.4 N/mm were assigned and the
resultant crack initiation and propagations were measured. Table 4.3 shows the
theoretical maximum principal stress and the crack initiation loads with increase in the
energy. It is evident that, the initiation load is increasing with rise in fracture energy.
Furthermore, the crack initiated at same location and change in material fracture
resistance, does not significantly change the pattern of growth in the intima layer.
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Table 4.3: Crack initiation loads for different energies
Fracture
Energy, Gc
(N/mm)

Theoretical Maximum
Principal Stress, σmax
(MPa)

Pressure (mmHg) +
Displ (mm) at
initiation

0.16

0.3895

28.36 + 0.78

0.5

0.688

50.36 + 1.38

1

0.974

70.36 + 1.94

1.4

1.15

82.76 + 2.27
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5 Conclusions and Future Work

The work reported in this thesis was to understand the crack behavior before and
during the propagation in two distinct fields of engineering that is, aerospace (aging
aircraft repair) and biomedical (aortic dissection). Computational methods were used to
predict the crack behavior. Quantitative validated results were presented in case of aging
aircraft repair while qualitative results were presented in case of aortic dissection due to
the ambiguity in geometry as well as materials. From the work performed here, the
following conclusions were established:


By repairing the cracked plate with bonded composite patches on both sides, there
is signiﬁcant reduction in the stress intensity factor at the crack tip, which is also
dependent upon the initial crack size



Boron/Epoxy patches, compared to Carbon/Epoxy, Kevlar-49/Epoxy and EGlass/Epoxy patches, absorb more dissipated energy thereby reducing the stress
intensity and crack mouth opening displacement by 6 - 20 times
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A thinner adhesive with high shear modulus will transmit more load to the
composite patches and reduce the SIF of the substrate. However, it is prone to
delamination and breakage of the joint



Fatigue life of the single sided repair assemblies have shown a 24 to 66 times
increase in the life extension factor



Computational analysis of single layer full aorta model with different loading
conditions, showed that, the region between the junction of brachiocephalic
artery, aorta trunk and the aortic root is the most critical location for the crack
initiation due to high stress localization



Longitudinal displacement of 8.9 mm during the systolic blood pressure cycle is
causing 72 % increase in stress



Three dimensional model of a section of three layered ascending aorta revealed
that, 40 % stenosis has a considerable effect on the stress state near the shoulder
of intima-plaque interface



This high stress is resulting in crack initiation and propagation in the intima layer
along circumferential direction

5.1 Future Work
The following concerns can be considered for prospective expansion of the aortic
dissection research:


Study the effects of nonlinearity of aorta as well as plaque geometry by using
realistic models developed from CT and MRI scans
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Considering the effects of nonlinearity and anisotropy of material models for
three layered aorta



Study the dynamic crack propagation behavior under pulsatile loading



Moreover, series of consistent experimental analysis are needed to validate the
numerical models quantitatively

